Introduction {#S0001}
============

Prostate cancer is a highly prevalent carcinoma, the second most common malignancy, and the third leading cause of cancer mortality in the US. The American Cancer Society estimated 164,690 new diagnoses of this disease and 29,430 deaths in 2018.[@CIT0001] The survival rate of patients with locally advanced prostate cancer has greatly increased with advances in primary therapies. External beam radiation therapy (XRT) using conformal techniques such as intensity-modulated radiation with image-guided XRT, is a standard treatment option for patients with localized prostate cancer.[@CIT0002] Although XRT has increased survival rates for men with prostate cancer, it results in numerous side effects which persist even in disease-free states[@CIT0003],[@CIT0004] including distressing fatigue during treatment.

Cancer-related fatigue (CRF) is the most prevalent, debilitating, and persistent symptom experienced by patients with cancer undergoing treatment,[@CIT0005]--[@CIT0008] and typically increases during XRT.[@CIT0009],[@CIT0010] CRF is pervasive, a whole-body excessive tiredness or exhaustion related to the disease or its treatment, unrelated to activity or exertion and not relieved by rest or sleep.[@CIT0011],[@CIT0012] CRF decreases compliance with cancer treatment[@CIT0013] and it negatively impacts other health outcomes, leading to increased depression, impaired cognitive function, increased sleep disturbance, decreased physical activity, and decreased health-related quality of life.[@CIT0014]--[@CIT0017] CRF in men treated for prostate cancer has been found to increase beginning at week threeof XRT, increasing significantly by week six,[@CIT0009] remaining elevated at the completion of XRT,[@CIT0018] and lasting months to years afterward.[@CIT0003],[@CIT0009],[@CIT0019]--[@CIT0021]

With limited available options to manage CRF, strategies are needed to identify effective interventions. To guide the development of effective therapies for the management of CRF, identification of pathophysiological mechanism(s) and related-biomarkers associated with CRF is an essential step. Various attempts have been made to investigate multifactorial mechanisms of CRF,[@CIT0022]--[@CIT0030] but the pathophysiological mechanisms of CRF remain unclear. For example, several mechanisms have been proposed to influence the individual CRF experience, including genetic factors, energy expenditure, metabolism, aerobic capacity, and the patient's immune response to inflammation.[@CIT0031]--[@CIT0033] The inflammation hypothesis has been the primary focus for investigations into the mechanism of CRF,[@CIT0027],[@CIT0034]--[@CIT0036] but some reports have indicated no association.[@CIT0037]--[@CIT0039] We have determined that a significant relationship exists between radiation-related fatigue and the differential expression of genes related to mitochondrial bioenergetics.[@CIT0040],[@CIT0041] More recently, we have shownsignificantly decreased mitochondrial oxidative phosphorylation (OXPHOS) starting at complex III associated with increased fatigue in patients receiving XRT by week three.[@CIT0042]

We have proposed a mechanism of mitochondrial bioenergetics in CRF determining the relationship between bioenergetics and XRT-induced CRF, linking downregulated BC1 (ubiquinol-cytochrome c reductase) synthesis-like (*BCS1L*) and impaired OXPHOS starting at complex III as causes of CRF development.[@CIT0043] OXPHOS is the process where ATPis formed as a result of the transfer of electrons from nicotinamide adenine dinucleotide (reduced form) (NADH) or flavin adenine dinucleotide (reduced form) (FADH~2~) to oxygen (O~2~) by a series of electron carriers in the mitochondrial inner membrane. As defined,[@CIT0044] integrated mitochondrial function is measured as OXPHOS and involves transport of substrates into the mitochondria, the generation of reducing equivalents (NADH and FADH~2~) by specific dehydrogenases, entry into the electron transport chain (ETC), and coupling to the production of ATP.[@CIT0045],[@CIT0046] The human *BCS1L* gene encodes a member of the ATPases associated with diverse cellular activities (AAA) family of ATPases. The BCS1L chaperone protein inserts the Rieske iron sulfur protein into complex III of the respiratory chain in mitochondria, where the respiratory chain produces and maintains effective ATP content.[@CIT0047],[@CIT0048]

The purpose of this study was to examine the relationship between the expression of mitochondrial gene *BCS1L*, integrated mitochondrial OXPHOS, ETC enzymatic activity, and CRF in prostate cancer patients receiving XRT and to compare these to patients undergoing active surveillance (AS), but who had not received any treatment.

Material and methods {#S0002}
====================

This was a prospective and case-matched study designed to encompass repeated measurements. Patients with nonmetastatic prostate cancer scheduled to receive localized XRT or without any treatment but on AS and able to provide written informed consent were enrolled. Patients were excluded from the study if they had progressive disease causing significant fatigue; documented major psychiatric illness within five years; had uncorrected hypothyroidism or untreated anemia; took sedatives, steroids or nonsteroidal anti-inflammatory agents; or had a second malignancy or mitochondrial disease.

This study was reviewed and approved by the Institutional Review Board of the Case Comprehensive Cancer Center. The study conformed to the principles outlined in the Declaration of Helsinki. From August 2015 to December 2017 we screened a total of 153 patients; 44 were ineligible and 56 refused to participate. As a result, 53 patients were enrolled (one withdrew because of a time conflict). After obtaining written informed consent, we collected demographic information and medical history via interviews and from the medical records. Study variables included fatigue, mitochondrial bioenergetics, and *BCS1L* gene expression. In addition, depression was evaluated as a covariate of fatigue in this population. Peripheral blood samples and questionnaires were obtained from each participant at day 0 (before XRT, baseline), day 21 of XRT (midpoint), and day 42 of XRT (completion of XRT, endpoint).

Fatigue {#S0002-S2001}
-------

Patient-reported fatigue was measured using the revised Piper Fatigue Scale (rPFS) at each time point. The rPFS combines a structured questionnaire and four open-ended questions related to fatigue management. It is a 22-item paper-pencil, self-administered questionnaire that measures CRF in multiple dimensions (behavioral, severity, sensory, cognitive/mood, and affective). This 10-point (0= none; 10= worst intensity) intensity rating scale has good reliability and validity with internal consistency ranging from 0.7 to 0.9 across four dimensions in cancer patients.[@CIT0049] Based on clinically meaningful cutoff scores for rPFS (0--10 severity metric), mild fatigue was conceptualized as 1--3, moderate fatigue as 4--6, and severe fatigue as 7--10.[@CIT0050] The rPFS can be completed in 15 minutes.

Depression {#S0002-S2002}
----------

Hamilton Depression Rating Scale (HAM-D) was used to screen depressive symptoms in each subject at each time point. HAM-D is a 21-item, clinician-rated paper questionnaire with good internal reliability (α=0.81--0.98).[@CIT0051] The predefined cutoff score for depression is 15 in cancer patients, with higher scores indicating more symptoms of depression.[@CIT0052]

Peripheral blood collection, mononuclear cells isolation, and sample preparation {#S0002-S2003}
--------------------------------------------------------------------------------

EDTAvacutainers were used to collect 40--45 mL peripheral blood sample from each subject. The specimens were stored at room temperature, and processed within 24 hours, with a range of 20--24 hours. As we published, there is no significant difference in mononuclear cell OXPHOS between 0 and 24 hours after the blood sample was collected;[@CIT0044] however, there were decreased activities of complex III, I/III, and II/III between frozen samples and fresh samples. Therefore, all specimens were stored at room temperature, processed, and assayed within 24 hours for ETC and OXPHOS. The standard procedure using a published protocol with optimal conditions (eg, using Lymphoprep^TM^ \[COSMO BIO, Carlsbad, CA, USA\] and PBS with room temperature environment) was used to process and harvest mononuclear cell pellets from human peripheral blood samples.[@CIT0044] Sample preparations and methods for mitochondrial OXPHOS[@CIT0044],[@CIT0053] and ETC enzymatic activity[@CIT0054]--[@CIT0056] have been published.

The mononuclear cell pellet was suspended with pre-warmed (37°C) mitochondria respiration medium (MiR05).[@CIT0057] We used a hemocytometer with trypan blue to count the number of live mononuclear cells. The mononuclear cells were adjusted to a final concentration of 1.5--2 million cells/mL with MiR05 for the study of OXPHOS. For the electron transport complex (ETC) assay, the mononuclear pellet was resuspended in of MSM (mannitol 220 mM, sucrose 70 mM, and MOPS 5 mM)/2 mM EDTA buffer with 7.5 μL of proteinase inhibitor (Sigma-AldrichCo., St Louis, MO, USA, Cat \# P8340) and kept on ice.[@CIT0055],[@CIT0056] We determined the protein concentration in mononuclear cells using the Lowry assay[@CIT0058] and prepared the sample using 5% cholate and MSM/2 mM EDTA at 1 mg/mL of protein for assays except for the activity of complex IV-cytochrome c oxidase.[@CIT0059] A second sample for cytochrome c oxidase was prepared in MSM/2 mM EDTA at 1 mg/mL of protein without cholate.[@CIT0060],[@CIT0061]

Measurement of integrated mitochondrial function using high-resolution respirometry {#S0002-S2004}
-----------------------------------------------------------------------------------

Integrated mitochondrial function was measured as OXPHOS following two published substrate-uncoupler-inhibitor protocols[@CIT0044],[@CIT0053],[@CIT0057] with a high-resolution respirometer, Oxygraph-2 K using DatLab 4 software (Oroboros Instruments, Innsbruck, Austria). Two different substrate-uncoupler-inhibitor protocols were used to determine flux through complex I, II, III, and IV, and fatty acid oxidation.[@CIT0053],[@CIT0057] We collected the incubation mixture with cells at the conclusion of each experiment to determine citrate synthase as a mitochondria marker.

Measurement of electron transport complex activity {#S0002-S2005}
--------------------------------------------------

To analyze the ETC complex activity in fresh isolated mononuclear cells, we followed established protocols[@CIT0046],[@CIT0054],[@CIT0055] using spectrophotometry. A total of nine assays were performed. Rotenone-sensitive NADH cytochrome c reductase was used to measure the linked activity of complex I and III. Antimycin A-sensitive succinate cytochrome c reductase was used to measure the linked activity of complexes II and III. Succinate dehydrogenase (SDH) was used to measure the first two subunits (A and B) of complex II and served as a membrane-bonded mitochondrial marker enzyme. Complex II activity was measured as the thenoyltrifluoroacetone (TTFA)-sensitive succinate-2,6 dichlorophenol-indophenol (DCPIP) reductase and total complex II determined with coenzyme Q~1~ added.[@CIT0055] Antimycin A-sensitive decylubiquinol cytochrome c reductase (complex III) was utilized to determine the activity of complex III. Cytochrome c oxidase (complex IV) activity was measured as the first-order rate constant. In addition to SDH, we measured citrate synthase activity as the other mitochondrial marker, as well as the activity of lactate dehydrogenase (LDH), a cytoplasmic marker.

*BCS1L* gene expression {#S0002-S2006}
-----------------------

Total RNA (100--120 ng) was extracted from buffy coat mononuclear cells collected from peripheral blood. After ensuring adequate quality and quantity, RNA was converted to cDNA following a standard protocol to minimize nonbiological technical bias.[@CIT0041] To measure the changes in gene expression of *BCS1L*, real-time polymerase chain reaction (PCR) was performed using TaqMan Chemistry from Applied Biosystems. Expression values were assessed by monitoring in real time the PCR cycle in which a minimum level of product is produced, ie, crosses a threshold, the cycle threshold (Ct) value. The lower the Ct value, the higher the gene expression level. Three housekeeping genes (glyceraldehyde-3-phosphate dehydrogenase, *GAPDH)*; β-actin, *ACTB)*; hypoxanthine phosphoribosyltransferase 1, *HPRT1*) were used as endogenous controls (ECs) to adjust for the input RNA; expression levels were reported as delta Cts between the gene of interest and the EC.

 {#S0002-S2007}

Statistical analysisDescriptive statistics were calculated for the mean, standard deviation, standard error of the mean (SEM), and range for the participants' demographic, clinical characteristics, and mitochondrial OXPHOS. The study purpose was to examine the relationship between mitochondrial gene expression, mitochondrial oxidative phosphorylation (OXPHOS), electron transport chain ETC complex (ETC) activity, and fatigue symptoms in prostate cancer patients undergoing radiation therapy (XRT), compared to patients on active surveillance (AS). Repeated measures ANOVA was used to compare the mean differences of fatigue score, mitochondrial OXPHOS, ETC activity, and BCS1L gene expression between patients undergoing XRT and AS at each time point and to measure changes in study variables (fatigue severity, OXPHOS, ETC activity, and BCS1L gene expression) over time. We used repeated measures ANOVA to understand the mean differences in relevant variables between the XRT and AS groups over time and the Bonferroni correction was used for the multiple comparisons for each dependent variable. To compare the mean differences in fatigue scores, OXPHOS, ETC activity, and BCS1L gene expression between time points within groups, Paired t-testss were used to better understand where the differences were for simplicity. After that, Pearson correlations were used to analyze the associations between study variables at each time point and changes in midpoint and endpoint from baseline. Power analysis was employed to determine that a sample size of 25 would achieve 80% power with the detection of differences in fatigue score, BCS1L gene expression, and mitochondrial OXPHOS within and between subjects. All statistical analysis and graphics were conducted using SPSS 25.0 (IBM Corporation, Armonk, NY, USA), and R 3.0.0 for Windows. The mitochondrial OXPHOS and ETC experiments were consistently performed in the morning by the same investigator and technician. The OXPHOS data were normalized to live cell number with the non-mitochondrial respiration subtracted. The ETC data were normalized to the protein concentration of mononuclear cells. Data are expressed as means ±SEM standard error of the mean of 52 patients for demographic and clinical characteristics, of 48 for OXPHOS and ETC, of 46 for gene expression. Because of biological contamination in the O2K respirometer chamber, low yield of blood sample, and technician absence, we were not able to perform OXPHOS and ETC for six6 data points from the total of 156 data collection points.

Results {#S0003}
=======

A total of 52 patients diagnosed with localized prostate cancer were enrolled in this study (35 patients who received XRT and 17 age-, gender-matched patients on AS as controls). [Table 1](#T0001){ref-type="table"} describes the demographic and clinical characteristics of the study sample. 70% of subjects (N=36/52) were Caucasian with a mean age of 67.7 years (±1.4) among the XRT subjects and 63.7 (±1.7) years for the matched controls. Most of the subjects (71%, N=37/52) were married and 51% of participants (N=27/52) were employed full-time.Table 1Demographic and clinical characteristics of sample (N=52)VariablesParticipants*P*-valueXRT subjects (N=35)Controls (N=17)Mean (± SEM) or N (%)Mean (± SEM) or N (%)Mean age, years67.7 (±1.4)63.7 (±1.7)0.09Ethnicity: Caucasian21 (60%)15 (88%) African-American14 (40%)1 (6%) Asian1 (6%)Marital status Married22 (63%)15 (88%) Widowed6 (17%) Single3 (9%) Divorced/separated4 (11%)2 (12%)Employment status Employed14 (40%)13 (76%) Retired19 (54%)4 (24%) Disabled2 (6%)T-stage T1c31 (88%)16 (94%) T2a-c2 (6%)1 (6%) T3a2 (6%)Gleason Score 7 Jun21 (60%)16 (94%) 10 Aug14 (40%)1 (6%)Karnofsky performance scale88.6 (±0.8)90.0 (±0.8)0.62PSA (ng/mL) Baseline12.6 (±2.12)4.7 (±0.6)0.02 Endpoint0.7 (±0.95)4.2 (±0.6)0.01Hemoglobin (mg/dL)0.46 Baseline14.4 (±0.3)15.3 (±0.7) Endpoint13.9 (±0.4)Hematocrit (%)0.22 Baseline43.4 (±0.8)45.6 (±1.7) Endpoint41.1 (±0.9)Depression (HAM-D) Baseline1.3 (±0.3)0.5 (±0.3)0.12 Endpoint1.2 (±0.3)0.2 (±0.1)0.09Total EBRT dosage (Gy) 79.2--8124 (68%)None 10011 (32%)[^1][^2]

Most of the subjects (88%, N=31/35 in XRT group, 94%, N=16/17 in AS group) had a clinical stage T1c with a Gleason score of 6 or 7. The clinical T1c stage indicates that the tumor was not palpable and found only through a needle biopsy, with moderate or intermediate differentiation with an elevated prostate-specific antigen (PSA) level.[@CIT0001] The mean Karnofsky performance score was 89 for patients with XRT and 90 for the AS group, indicating participants were able to carry out normal activities with only minor signs or symptoms of disease. There was a significant difference in PSA levels between patients with XRT and AS at baseline and endpoint. There was no difference in baseline hemoglobin (14.4±0.3 for XRT group, 15.3±0.7 for AS group) and hematocrit (43.4±0.8 for XRT group, 45.6±1.7 for AS group). None of the 52 participants reached the cutoff score for clinical depression.[@CIT0062] Eleven (32%) of the 35 XRT subjects received a total dose of 100 Gy of XRT, while the rest received a 80 Gy.

Fatigue {#S0003-S2001}
-------

The mean r-PFS score at day 0/baseline for XRT subjects (1.45±0.29) and controls (1.31±0.29) was not significantly different (*P*=0.34). There was no significant change in fatigue over time in patients undergoing AS. Compared to the AS group, the fatigue score for XRT subjects worsened significantly at day 21/midpoint (3.51±0.35, *P*\<0.05) and trended towards significance at the completion/day 42 of XRT (4.16±0.43, *P*\<0.01), as shown in [Figure 1](#F0001){ref-type="fig"}. There was a significant difference in fatigue scores at the midpoint and endpoint between XRT and AS groups (*P*\<0.05).Figure 1Changes in fatigue score between patients undergoing radiation therapy (N=35) and active surveillance (N=17). Fatigue was measured by the revised Piper Fatigue Scale (rPFS).**Notes:** X-axis indicates time points: day 0=prior XRT; day 21=day 21 of XRT, midpoint; day 42=completion of XRT, endpoint. Y-axis represents revised Piper Fatigue score. Fatigue score was significantly increased at day 21 (*t*=2.06, *P*=0.03) and day 42 (*t*=2.71, *P*=0.002) in patients with XRT; additionally, there was a significant difference in fatigue scores between XRT and AS groups over time. ^a^Refers to a significant difference compared to day 0 time point of the same group. ^b^Refers to a significant difference compared to the AS group at the same time point. \**P*\<0.05; \*\**P*\<0.01. ^a^\*^b^\*Represents a significant change in fatigue score (*P*\<0.05) in patients receiving XRT and a significant difference in fatigue score (*P*\<0.05) between XRT and AS groups. ^a^\*\*^b^\*Represents a significant change in fatigue score (*P*\<0.01) in patients receiving XRT, and a significant difference in fatigue score (*P*\<0.05) between XRT and AS groups.**Abbreviations:** XRT, external beam radiation therapy; AS, active surveillance.

Mitochondrial OXPHOS {#S0003-S2002}
--------------------

Integrated mitochondrial function measured as OXPHOS in peripheral mononuclear cells from patients undergoing XRT and AS at each time point is provided in [Table 2](#T0002){ref-type="table"}. Intact cellular respiration was measured after air calibration and not changed following the addition of malate and pyruvate (protocol 1), or malate and palmitoylcarnitine (protocol 2) were not different in either group at any timepoint. To access mitochondria, digitonin was added to permeabilize the plasma membrane without interrupting the integrity of the mitochondrial outer membrane. The digitonin-permeabilized rate, referred to as the leak rate by Pesta and Gnaiger,[@CIT0057] was not different at any timepoint in either group. OXPHOS-complex I-linked oxidation was measured as ADP-stimulated respiration in the presence of malate, pyruvate, and glutamate. There was no difference in OXPHOS-complex I-linked oxidation in either group at any timepoint. We measured OXPHOS-complex I + II-linked oxidation in the presence of malate, pyruvate, glutamate, and succinate. Compared to day 0, OXPHOS-complex I+II-linked oxidation was significantly decreased at day 21 (16%, ↓2.26 pmol O~2~/sec/10^6^ cells, *P*=0.042) and day 42 (8%, ↓2.2 pmol O~2~/sec/10^6^ cells, *P*=0.045) in patients undergoing XRT. There was no significant change in mononuclear cell mitochondrial OXPHOS over time in patients undergoing AS. ([Table 2](#T0002){ref-type="table"})Table 2Integrated mitochondrial function in peripheral blood mononuclear cells of patients with prostate cancerVariablesProstate cancer patients with radiation therapy or on active surveillanceBaseline/day 0Midpoint/day 21Endpoint/day 42XRT\
(N=33)AS\
(N=17)XRT\
(N=34)AS\
(N=17)XRT\
(N=35)AS\
(N=17)Cell number (10^6^/mL)1.8±0.192.0±0.261.5±0.332.1±0.261.6±0.481.9±0.39Protein concentration (mg/mL)0.51±0.250.49±0.320.50±0.180.50±0.280.55±0.220.51±0.39Protocol 1(pmol O~2~/sec/10^6^ cells) Mean ± SEMIntact cell3.55±0.233.54±0.293.61±0.214.06±0.323.31±0.183.75±0.34Intact cell (malate+pyruvate)4.49±0.264.38±0.324.51±0.294.84±0.364.41±0.264.63±0.31Leak (digitonin)1.24±0.201.02±0.231.26±0.251.70±0.461.18±0.190.83±0.21OXPHOS (complex I-linked)4.67±0.354.59±0.774.51±0.445.12±0.395.19±0.456.04±0.58OXPHOS (complex I+II-linked)14.21±0.7613.16±1.21^a\*^11.95±0.713.57±1.15**^a\*b\*^**12.29±0.915.15±1.35Uncoupled CI+II-linked, maximal oxidative capacity (uncoupler)15.45±0.8914.23±1.13^a\*^13.25±1.014.25±1.24^b\*^13.85±0.916.11±1.44Uncoupled complex I4.96±0.465.11±0.595.01±0.774.82±0.714.91±0.476.03±0.59Uncoupled complex II8.74±0.648.06±0.93^a\*^6.17±0.538.18±0.847.15±0.668.86±1.57Uncoupled complex IV229.5±15.9247.9±20.8245.7±13.5251.1±30.9220.6±10.8272.9±17.6Citrate synthase3.58±0.342.98±0.593.31±0.293.27±0.644.09±0.632.95±0.47Acceptor control ratio4.53±0.585.05±0.724.12±0.645.36±1.504.68±0.515.41±1.02Uncoupled control ratio1.09±0.251.10±0.431.15±0.621.06±0.031.07±0.251.03±0.34Protocol 2Intact cell3.36±0.213.72±0.273.52±0.323.53±0.313.19±0.213.65±0.29Intact cell (malate+palmitoylcarnitine)3.95±0.254.17±0.234.29±0.414.13±0.253.97±0.214.43±0.33Leak (digitonin)1.20±0.211.15±0.221.70±0.421.37±0.411.33±0.181.23±0.32OXPHOS (fatty acid oxidation)3.76±0.293.31±0.273.84±0.333.35±0.373.64±0.233.46±0.23OXPHOS (coupled complex III)21.43±1.0319.46±0.84^a\*^19.05±0.8419.31±1.91^a\*b\*^19.01±1.1821.26±1.75Uncoupled complex III (uncoupler)20.26±1.1218.36±1.39^a\*^17.74±1.0418.46±1.52^a\*^18.44±1.3819.95±1.52Citrate synthase4.91±0.552.60±0.414.95±0.582.97±0.473.97±0.542.79±0.39Acceptor control ratio4.24±0.684.36±0.50^b\*^3.65±0.636.31±1.753.94±0.495.21±0.79Uncoupled control ratio0.96±0.220.95±0.250.93±0.310.90±0.340.98±0.020.94±0.32[^3]

To assess maximal oxidative capacity, the uncoupler, carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP), was added and uncoupled-complex I+II-linked oxidation was measured. At day 21 of XRT, the uncoupled-complex I + II oxidation was significantly increased 15% (↑ 1.3 pmol O~2~/sec/10^6^ cells, *P*=0.045) after the addition of FCCP, indicating a small reserve capacity in patients with XRT. Compared to day 0, uncoupled complex I + II oxidation was significantly decreased at day 21 (11%, ↓ 2.26 pmol O~2~/sec/10^6^ cells, *P*=0.045) and day 42 (9%, ↓1. 6 pmol O~2~/sec/10^6^ cells, *P*=0.048) in patients receiving XRT ([Table 2](#T0002){ref-type="table"}). Uncoupled complex II oxidation was measured following the addition of rotenone, a complex I inhibitor. The rotenone-insensitive rate was considered uncoupled complex II activity; there was significantly decreased uncoupled complex II oxidation at day 21 (28%, ↓2.57 pmol O~2~/sec/10^6^ cells, *P*=0.045) in patients receiving XRT. Uncoupled complex I was the difference seen between the oxidation of uncoupled complex I+II and uncoupled complex II, and it was not different at any timepoint in either group. The antimycin A-insensitive rate represented nonmitochondrial respiration[@CIT0057] and was subtracted from all data. To measure uncoupled complex IV, ascorbate and tetramethyl-p-phenylenediamine (TMPD) were added followed by the inhibitor, sodium azide. The azide-sensitive uncoupled complex IV oxidation was not significantly different in either group at any timepoint, as shown in [Table 2](#T0002){ref-type="table"}.

In protocol 2, we measured the oxidation of fatty acid and complex III. With the addition of palmitoylcarnitine, there was no change in fatty acid oxidation in either group at any timepoint ([Table 2](#T0002){ref-type="table"}). The coupled complex III oxidation was measured as ADP-stimulated respiration with a reduced CoQ analog-duroquinol. With the addition of an uncoupler, the oxidation rate was not increased compared to coupled complex III in either group at any timepoint, indicating there was no reserve capacity of complex III in mononuclear cells mitochondria. Compared to day 0, coupled complex III oxidation was significantly decreased at day 21 (10%, ↓2.38 pmol O~2~/sec/10^6^ cells, *P*=0.044) and day 42 (11%, ↓2.42 pmol O~2~/sec/10^6^ cells, *P*=0.041) in patients undergoing XRT. Uncoupled complex III oxidation was measured with the addition of FCCP. Compared to day 0, uncoupled complex III oxidation was significantly decreased at day 21 (12%, ↓2.52 pmol O~2~/sec/10^6^ cells, *P*=0.042) and day 42 (10%, ↓1.82 pmol O~2~/sec/10^6^ cells, *P*=0.047) in mononuclear cell mitochondria in patients receiving XRT ([Table 2](#T0002){ref-type="table"}). [Figure 2](#F0002){ref-type="fig"} shows a significant difference in OXPHOS over time between XRT and AS groups, including the oxidation of OXPHOS complex I + II-linked, uncoupled complex I + II oxidation, and coupled complex III at day 42 ([Figure 2](#F0002){ref-type="fig"}).Figure 2Changes in mitochondrial oxidative phosphorylation (OXPHOS, complex I+II linked, uncoupled complex I+II-linked, coupled complex III, and uncoupled complex III) over time between patients with radiation therapy (N=33) and active surveillance (N=15). ~2~^6^*pp***Notes:** X-axis indicates time points and Y-axis represents cell respiration rate (pmol O~2~/sec/106 cells). A: OXPHOS-complex I+II linked oxidation was measured as ADP-stimulated respiration with malate, pyruvate, glutamate, and succinate as substrates, reflecting the convergence of complex I and II. B: Uncoupled complex I+II was obtained with addition of the uncoupler, FCCP representing maximal oxidative capacity. C: Coupled complex III rate was measured as the ADP-stimulated respiration with DHQ, a substrate for complex III. D: Uncoupled complex III was determined after the addition of the uncoupler, FCCP. ^a^Refers to a significant difference compared to day 0 time point of the same group. ^b^Refers to a significant difference compared to the AS group at the same time point. \**P*\<0.05; \*\**P*\<0.01. ^a\*b\*^Represents a significant change in fatigue score (*P*\<0.05) in patients receiving XRT and a significant difference in fatigue score (*P*\<0.05) between XRT and AS groups.**Abbreviations:** OXPHOS, oxidative phosphorylation; XRT, external beam radiation therapy; AS, active surveillance; FCCP, carbonylcyanide-p-trifluoromethoxyphenylhydrazone; DHQ, duroquinol.

[Table 2](#T0002){ref-type="table"} also displays the acceptor control ratio (ACR) and the uncoupled control ratio (UCR). The ACR provides an estimate of the coupling of mitochondrial oxidation to the production of ATP (OXPHOS). It was calculated as the ADP-stimulated OXPHOS of malate + pyruvate + ADP oxidation divided by the leak rate (digtonin-permeabilized respiration). The UCR is the maximum oxidative capacity (evoked by FCCP) divided by the ADP-stimulated OXPHOS linked complex I through V of malate + pyruvate + glutamate + succinate. The UCR provides an estimate of the respiratory capacity to the rate of oxidative phosphorylation. The ACR was decreased over time in patients undergoing XRT, compared to AS group. There was a significant difference (*t*=2.66, *P*=0.03) in ACR at day 21 (in protocol 2) between the XRT (3.65±0.63) and the AS (6.31±1.75) group, indicating the production of ADP at day 21 in patients undergoing XRT is less than it is in patients undergoing AS. There was no difference in UCR in either group at any time point, and the value was around 1.1 (protocol 1) and 0.9 (protocol 2), indicating the oxidative capacity is basically equal to OXPHOS capacity ([Table 2](#T0002){ref-type="table"}).

ETC enzymatic activity {#S0003-S2003}
----------------------

The analysis of ETC enzymatic activity from mononuclear cell mitochondria for patients with XRT and AS at day 0/baseline, day 21/midpoint, and day 42/endpoint is presented in [Table 3](#T0003){ref-type="table"}. There was no significant difference in ETC between XRT and AS groups at baseline. There was no significant difference in mononuclear cell mitochondrial ETC data in patients undergoing AS at any time point ([Table 3](#T0003){ref-type="table"}).Table 3Electron-transport chain enzymatic activity in peripheral blood mononuclear cellsVariablesProstate cancer patients with radiation therapy or on active surveillanceBaseline/day 0Midpoint/day 21Endpoint/day 42**XRT**\
**(N=35)AS**\
**(N=17)XRT**\
**(N=34)AS**\
**(N=15)XRT**\
**(N=35)AS**\
**(N=17)**Protein concentrations (mg/mL)4.29±0.413.87±0.294.33±0.343.94±0.254.24±0.294.59±0.35nmol/min/mg proteinMean ± SEMRotenone-sensitive CI/III13.7±0.8912.93±1.2712.35±0.8813.75±1.4212.85±0. 9812.39±0.74Antimycin A-sensitive CII/III10.3±0.6311.18±0.929.69±0.5511.24±0.82^a\*b\*^8.92±0.5911.01±0.85Succinate dehydrogenase (SDH)4.19±0.323.69±0.453.89±0.254.66±0.463.38±0.353.96±0.36TTFA-sensitive CII2.01±0.141.41±0.191.79±0.132.04±0.191.41±0.141.88±0.19TTFA-sensitive CII+Q19.28±0.588.39±0.89^a\*^8.37±0.4310.18±0.62^a\*^7.65±0.519.09±0.56Antimycin A-sensitive CIII42.44±3.0743.56±2.83^a\*b\*^39.8±1.6245.63±2.78^a\*b\*^40.66±1.7945.71±2.85Cytochrom *C* Oxidase CIV\
(k^−1^/mg protein)1.56±0.981.59±0.161.81±0.131.91±0.151.51±0.961.76±0.15Mitochondrial marker\
Citrate synthase52.63±2.6950.89±4.6850.98±2.4852.08±4.34^a\*b\*^48.95±2.7552.43±5.48Cytoplasmic marker\
lactate dehydrogenase (LDH)502.1±26.1568.1±43.7514.1±29.2591.7±30.1557.7±29.1580.8±42.5[^4]

Compared to day 0, complex III activity was significantly decreased (6%, ↓2.64 nmol/min/mg protein, *P*=0.044) at day 21 in patients receiving XRT. At day 42, there were significantly decreased linked activity of complex II/III (11%, ↓1.38 nmol/min/mg protein, *P*=0.046), activity of complex II + Q~1~ (17.5%, ↓1.63 nmol/min/mg protein, *P*=0.045), complex III activity (5%, ↓1.78 nmol/min/mg protein, *P*=0.048), and decreased citrate synthase (6%, ↓3.68 nmol/min/mg protein, *P*=0.041) in mononuclear cell mitochondria in patients undergoing XRT, compared to day 0. Decreased ETC enzymatic activity in mononuclear cells mitochondria of patients undergoing XRT over time are presented in [Figure 3](#F0003){ref-type="fig"}.Figure 3Changes in electron-transport chain complex enzymatic activity in mononuclear cells in patients with radiation therapy (N=33).**Notes:** CII was measured as TTFA-sensitive DCPIP reductase; total complex II determined with coenzyme Q~1~ added (CII+Q~1~); CIII, measured as antimycin A-sensitive decylubiquinol cytochrome *c* reductase; CS is mitochondrial marker; SDH was used to measure the first 2 subunits of complex II and served as a membrane-bonded mitochondrial marker enzyme; LDH as a cytoplasm marker. \*P\<0.05.**Abbreviations:** NADH, nicotinamide adenine dinucleotide; NCR, rotenone-sensitive NADH cytochrome c reductase; SCR, antimycin A-sensitive succinate cytochrome c reductase; CII, complex II activity; TTFA, thenoyltrifluoroacetone; DCPIP, dichlorophenol-indophenol; CII+Q1, complex II with coenzyme Q~1~; CIII, complex III activity, measured as antimycin A-sensitive decylubiquinol cytochrome c reductase; CIV, complex IV (cytochrome c oxidase) activity; CS, citrate synthase, mitochondrial marker; SDH, succinate dehydrogenase; LDH, lactate dehydrogenase.

Compared to the AS group, the activity of complex II + Q~1~ (18%, ↓1.81 nmol/min/mg protein, *P*=0.058), complex III (13%, ↓5.05 nmol/min/mg protein, *P*=0.041), and lactate dehydrogenase (13%, ↓77.6 nmol/min/mg protein, *P*=0.065) were lower in mononuclear cells at day 21 in patients undergoing XRT. At day 42, there was significantly lower activity of complex II/III (19%, ↓2.09 nmol/min/mg protein, *P*=0.04), complex II + Q~1~ (15%, ↓1.44 nmol/min/mg protein, *P*=0.045), complex III activity (11%, ↓5.05 nmol/min/mg protein, *P*=0.04), and citrate synthase (7%, ↓3.48 nmol/min/mg protein, *P*=0.047) in mononuclear cells from patients undergoing XRT, compared to AS group ([Table 3](#T0003){ref-type="table"}). Complex IV activity was not different in either group at any timepoint. Therefore, complex III activity was significantly decreased (*t*=1.78--2.64, *P*=0.045) over time in patients undergoing XRT, and significantly different from that of AS patients (*t*=5.05--5.83, *P*=0.041, [Figure 4](#F0004){ref-type="fig"}).Figure 4Changes in ETC complex III between patients with radiation therapy (N=33) and active surveillance (N=15).**Notes:**Y-axis represents cell enzyme activity (nmol/min/mg protein). ETC CIII enzymatic activity, which was measured as antimycin A-sensitive decylubiquinol cytochrome c reductase. ETC CIII activity was significantly decreased at day 21 (*t*=−2.64, *P*=0.044) and day 42 (*t*=−1.78, *P*=0.047) in patients with XRT; additionally, there was a significant difference in CIII activity between XRT and AS groups over time. ^a^Refers to a significant difference compared to day 0 time point of the same group. ^b^Refers to a significant difference compared to the AS group at the same time point. \**P*\<0.05.**Abbreviations:** ETC, electron transport chain; CIII, complex III activity; XRT, external beam radiation; AS, active surveillance.

Expression of *BCS1L* gene {#S0003-S2004}
--------------------------

There was no significant change in the expression of *BCS1L* gene in patients with AS over time. In peripheral mononuclear cells, the expression of *BCS1L* gene was significantly downregulated in patients undergoing XRT at day 21 (fold change =−1.76, *P*=0.03) and day 42 (fold change =−1.87, *P*=0.02) compared to day 0 ([Figure 5](#F0005){ref-type="fig"}). Additionally, significantly different *BCS1L* gene expression in mononuclear cells was observed between XRT and AS groups at day 21 and day 42, as presented in [Figure 5](#F0005){ref-type="fig"}. Figure 5Differences in gene expression of *BCS1L* at day 21 and day 42 between patients undergoing radiation therapy (XRT, N=33) and active surveillance (AS, N=13).**Notes:** Left figure indicates the expression of *BCS1L* gene. Y-axis represents expression values assayed by monitoring in real-time polymerase chain reaction calculated as fold change. The expression of *BCS1L* was significant different between patients undergoing XRT and AS (*P*\<0.05). Furthermore, *BCS1L* was significantly downregulated at day 21 (fold change=−1.76, *P*=0.03) and day 42 (fold change=−1.87, *P*=0.02) in XRT patients compared to day 0. ^a^Refers to a significant difference compared to day 0 time point of the same group. ^b^Refers to a significant difference compared to the AS group at the same time point. \**P*\<0.05.**Abbreviations:** *BCS1L*, BC1 (ubiquinol-cytochrome c reductase) synthesis-like; XRT, external beam radiation therapy; AS, active surveillance. Figure 6ETC complex III activity without and with normalization of citrate synthase (**A** and **B**) and CII+Q~1~ (**C**) and SCR (**D**) with normalization of citrate synthase between patients undergoing XRT (N=35) and AS (N=15). (**A**) CIII without normalization of CS; (**B**) CIII with normalization of CS; (**C**) CII+Q~1~ with normalization of CS; (**D**) SCR with normalization of CS.**Notes:**^a^Significant difference compared to day 0 time point of the same group. ^b^Significant difference compared to the AS group at the same time point. \**P*\<0.05. CIII, measured as antimycin A-sensitive decylubiquinol cytochrome c reductase; CII, measured as the TTFA-sensitive succinate-2,6 DCPIP reductase and total CII determined with coenzyme Q added (CII+Q~1~); SCR, antimycin A-sensitive succinate cytochrome c reductase was used to measure the linked activity of CII and CIII.**Abbreviations:** CIII, complex III activity; CS, citrate synthase; CII, complex II activity; TTFA, thenoyltrifluoroacetone; DCPIP, dichlorophenol-indophenol; CII+Q1, complex II with coenzyme Q~1~; SCR, succinate cytochrome c reductase; XRT, patients undergoing radiation therapy; AS,  patients undergoing active surveillance.

Increased fatigue was significantly associate with down-regulated *BCS1L* gene at midpoint (r=−0.18, *P*=0.045) and endpoint (r=−0.31, *P*=0.039), decreased OXPHOS-complex III oxidation at midpoint (r=−0.12, *P*=0.044), and decreased ETC-complex III activity at endpoint (r=−0.09, *P*=0.047) in patients undergoing XRT. In addition, downregulated *BCS1L* was associated with decreased OXPHOS-complex III oxidation (r=0.38, *P*=0.054) and decreased activity of complex III (r=0.29, *P*=0.058). There was no significant association between fatigue, *BCS1L*, and mitochondrial function at any time point in patients undergoing AS.

Discussion {#S0004}
==========

Our major findings include: (1) a significant difference in fatigue scores at the midpoint and endpoint between XRT and AS groups; (2) compared to AS group, there is a significant difference in changes of OXPHOS, ETC activity, and *BCS1L* gene expression over time in patients receiving XRT; (3) there are significantly decreased OXPHOS-complex III oxidation, decreased activity of complex III, and downregulated *BCS1L* gene expression in peripheral mononuclear cells at midpoint and endpoint in patients receiving XRT, compared to their baseline; and (4) worsened fatigue symptoms are associated with decreased complex III oxidation and downregulation of *BCS1L*. This evidence is the first to our knowledge to describe the association between the expression of the mitochondrial gene, *BCS1L*, integrative mitochondrial function, ETC enzymatic activity, and patient-reported fatigue in men receiving XRT for prostate cancer, compared to patients with AS.

Our findings confirm our earlier report on a defect in OXPHOS complex III activity at week three of XRT,[@CIT0042] the defect in oxidation starting at complex III affected upstream complex II oxidation, but not complex I or fatty acid oxidation. There was no change in oxidation for both coupled and uncoupled complex I over time, and uncoupled complex IV oxidation rate was not different at day 21 and day 42 compared to day 0. Therefore, we propose that the activity of complex I limited both uncoupled complex I oxidation and fatty acid oxidation and these rates are not affected by the defect in complex III.

To determine whether OXPHOS was limited by the oxidation component or the phosphorylation component, we uncoupled oxidation from phosphorylation additionally, the uncoupled oxidation rate represents the reserve capacity. For example, coupled complex I-linked activity was identical to uncoupled complex I activity, a reflection of the fact that the limiting step for OXPHOS starting at complex I was oxidation. Uncoupled complex II oxidation was increased compared to coupled complex II-linked activity, indicating that the limiting step in OXPHOS starting at complex II was phosphorylation ([Table 2](#T0002){ref-type="table"}). For complex III, there was no significant difference in oxidation rates between coupled and uncoupled respiration at each time point in patients undergoing XRT, showing no reserve capacity in peripheral blood mononuclear cell mitochondria in patients with prostate cancer. This observation indicates that the limiting step for OXPHOS starting at complex III was oxidation. The UCR is a reflection of the ratio of the respiratory capacity of mitochondria to the rate of oxidative phosphorylation.[@CIT0053],[@CIT0057] There was little difference in the maximum oxidative capacity because the UCR was close to 1 (1.1 in protocol 1 and 0.96 in protocol 2).

Mitochondrial OXPHOS provides screening of systemic mitochondrial dysfunction; ETC enzymatic activity further assists in identifying the specific complex defects.[@CIT0055],[@CIT0063] In support of a defect in OXPHOS complex III oxidation, the activity of ETC complex III enzyme in mononuclear cells mitochondria was significantly decreased at day 21 and day 42 in patients undergoing XRT compared to day 0. There was no change in ETC complex IV activity in patients undergoing XRT over time ([Figure 3](#F0003){ref-type="fig"}), consistent with no change in uncoupled complex IV oxidation and a defect in complex III oxidation ([Figure 2](#F0002){ref-type="fig"}) in mononuclear cells of XRT patients. Citrate synthase activity, a marker of mitochondrial content, was significantly decreased at the completion of XRT (day 42), suggesting that mitochondrial content was suppressed by repeated daily irradiation. To determine if decreased activity of complex III, II/III, and complex II+Q~1~ are associated with the number of mitochondria, we compared the difference in complex III activity with and without the normalization of citrate synthase ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}), and succinate cytochrome c reductase (SCR) ([Figure 6C](#F0006){ref-type="fig"}) and complex II + Q~1~ SCR ([Figure 6D](#F0006){ref-type="fig"}) normalized to CS. After normalization to citrate synthase, there is a trend for the ratio of complex III activity to be decreased, but the *P*-value (*P*=0.056--0.059) does not reach significance. A discrepancy of citrate synthase activity was observed between samples from the O~2~K chambers (cell suspension, mU/10^6^ cells) and the ETC assay (mononuclear cell pellet, mU/mg protein), although the protein concentration was not significantly different (*P*\>0.05) at any time point in either the OXPHOS assay ([Table 2](#T0002){ref-type="table"}) or the ETC assay ([Table 3](#T0003){ref-type="table"}).

Consistent with our previous finding,[@CIT0021],[@CIT0041] the expressions of *BCS1L* was decreased in peripheral mononuclear cells at day 21 and remained downregulated at the end of XRT in patients with prostate cancer. *BCS1L* gene encodes protein that is a chaperone for the Rieske iron-sulfur protein into complex III; genetically when *BCS1L* gene is downregulated that is associated with a defect in complex III.[@CIT0047] Decreased BCS1L protein has been shown to lead to decreased incorporation of the Rieske iron-sulfur protein into complex III in *Escherichia coli*yeast, and human cells, resulting in decreased complex III activity.[@CIT0047],[@CIT0064],[@CIT0065] A defect in complex III leads to a functional deficit in the respiratory chain and impairs ATP production.[@CIT0066] Decreased OXPHOS complex III activity and downregulation of *BCS1L* expression were significantly associated with increased fatigue in patients undergoing XRT for prostate cancer.

The trajectory of CRF reported by patients undergoing XRT is consistent with our previous findings[@CIT0021],[@CIT0041] and with other studies.[@CIT0019],[@CIT0020],[@CIT0067] This progression suggests that the pathophysiological mitochondrial mechanism related to daily irradiation is likely involved in the worsening of CRF. Therefore, we suggest that prevention through implementing interventions for XRT-associated fatigue should start early.

Limitations {#S0004-S2001}
-----------

This study was conducted in a tertiary research setting with a selected patient population; therefore, the results may not apply generally. These hypothesis-testing findings demonstrate an association of bioenergetics gene, integrated mitochondrial function, ETC enzymatic activity, and fatigue intensification during XRT in patients with prostate cancer, but do not prove causation. In addition, the variability of specific peripheral mononuclear cell populations may influence OXPHOS and ETC activity. Another limitation of this study is the lack of measurement of variables that might affect CRF such as cognitive function, sleep disturbance, and physical activity.

Conclusion {#S0005}
==========

Our findings provide evidence that XRT triggers genetic and cellular instability, specifically, downregulated *BCS1L*gene, leading to a defect in complex III activity of mitochondrial OXPHOS, which is associated with worsen fatigue experienced by patients with prostate cancer undergoing XRT. We suggest that mononuclear cells *BCS1L* and complex III are potential biomarkers for CRF. Moreover, BCS1L and complex III are potential targets for pharmacological and, in particular, nutraceutical interventions. For example, administration of coenzyme Q and ascorbate to bypass complex III might improve radiation-induced fatigue.
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[^1]: **Notes:** Controls are men with nonmetastatic prostate cancer and not receiving any treatment are placed in active surveillance.

[^2]: **Abbreviations:** SEM, standard error of the mean; PSA, prostate- specific antigen; HAM-D, Hamilton Depression Rating Scale; XRT, external beam radiation therapy.

[^3]: **Notes:** Data are subtracted from non-mitochondrial respiration (antimycin A respiration for protocol 1, rotenone and antimycin A respiration for protocol 2). Data are presented as mean ± standard error. Integrated mitochondrial function was measured as oxidative phosphorylation. ^a^Significant difference compared to day 0 time point of the same group. ^b^Significant difference compared to the AS group at same time point. \**P*\<0.05.

    **Abbreviations:** XRT, external radiation therapy; AS, active surveillance; SEM, standard error of the mean; OXPHOS, oxidative phosphorylation; CI, complex I; CII, complex II; CIII, complex III; CIV, complex IV.

[^4]: **Notes:** Data are presented as mean ± standard error. ^a^Significant difference compared to day 0 time point of the same group; ^b^Significant difference compared to the AS group at same time point. \**P*\<0.05.

    **Abbreviations:** SEM, standard error of the mean; Rotenone-sensitive CI/III, rotenone-sensitive linked activity of complex I and III; antimycin A-sensitive CII/III, antimycin A-sensitive linked activity of complex II and III; SDH, succinate dehydrogenase; TTFA-sensitive CII, complex II activity as the thenoyltrifluoroacetone (TTFA)-sensitive without CoQ~1~ or with CoQ~1~; antimycin A-sensitive CIII, complex III activity; cytochrome c oxidase; CIV, cytochrome c oxidase, complex IV activity; LDH, lactate dehydrogenase.
